Abstract: We propose a surface plasmon resonance (SPR) sensor based on the exposedcore microstructured optical fiber (EC-MOF) placed with a silver wire. The exposed section of the EC-MOF as a microfluidic channel is placed with the silver wire to avoid the metal coating and is then deposited with the analyte to avert the analyte filling. The proposed SPR sensor can support two polarized resonance peaks (x -polarized and y -polarized) caused by the silver wire. We theoretically investigate the sensitivities of the two polarized peaks both in the wavelength and amplitude interrogation methods and analyze the influences of the silver wire location on the sensing performances. The results show that the sensitivities of the two polarized peaks are similar and relatively stable for random locations of the silver wire. Moreover, the x -polarized peak provides a higher resolution for wavelength sensitivity and needs a shorter silver wire for the maximum amplitude sensitivity. This paper demonstrates that using the EC-MOF placed with the silver wire can simultaneously solve the metal coating and analyte filling problems in the other SPR sensors with no sacrifice in sensitivity.
Introduction
Surface plasmon resonance (SPR) is a phenomenon in which the incident (TM-polarized or p-polarized) wave couples with the surface plasmon wave (SPW) under specific resonance conditions. In addition, this resonance condition is extremely sensitive to the refractive index (RI) of the dielectric medium in contact with the metal surface [1] , [2] . Thus, as a surfacesensitive analytical method, the SPR phenomenon shows great potential for chemical and biological sensing [2] - [5] .
The Kretchmann-Raether prism is widely used in the SPR phenomenon [6] . Most of the SPR sensors based on the prism consist of a prism, a metal layer, and a sensing layer [3] , [7] - [11] . The p-polarized light is launched into the prism and then reflected from a metal-covered prism facet in contact with a liquid analyte. By following angular [9] , spectral [10] , or phase [11] characteristics of the reflected light, the variations in the RI of the analyte can be detected. However, the prism based SPR sensors have a few limitations such as bulk, complicated design, and difficulty with remote sensing [4] . These limitations can be efficiently negated by replacing the coupling prism with an optical fiber which can offer miniaturization, flexibility, and remote sensing capabilities. In most of optical fiber SPR sensors, cladding is partially or completely stripped from the fiber and the exposed part is coated with a metal layer and then exposed to an analyte. The light launched into the fiber core can couple with a plasmon mode at a certain wavelength, and then the RI of the analyte can be followed by monitoring spectral or power characteristics of the transmitted light. These metallized procedures including the stripping of the fiber jacket and cladding compromise fiber integrity and make the structure more fragile [12] , [13] , and the packaging of a metallized fiber piece into a microfluidics setup for the liquid analyte will also add complexity and increase the overall fabrication cost [12] , [13] .
Recently, using microstructured optical fibers (MOFs) instead of traditional optical fibers in SPR sensors attract the most research interest, not only because the microstructures of the MOFs can be filled with analyte directly to solve the microfluidics setup problem [12] - [18] , but also because the flexible design of microstructures can provide a new method to achieve phase matching (resonance condition) between the core mode and the plasmon mode [12] - [17] . To implement MOF-based SPR sensors for analytes, the fiber holes are selectively or completely coated with the metal layers using high pressure chemical vapor deposition (CVD) technique or wet chemistry deposition technique [12] , [13] , [19] , [20] , and then filled with the analytes [12] - [18] . However, note that the size of the fiber holes in these sensors is as small as several microns [12] - [17] , and if the analyte changes during the measurement period, emptying and re-filling of the fiber is required. This makes their use impossible for real time sensing applications. Moreover, coating the small holes of a MOF with metal films is usually difficult and uneven [12] - [20] . The analyte filling problem can be solved by using D-shaped MOFs [21] - [23] . In these proposed designs, however, the metal coating of the fiber is also required.
Exposed-core MOFs (EC-MOFs), like the one shown in Fig. 1 (a) [24] , have a core that is exposed to the external environment on one side along the length of the fiber [24] - [31] , and this allows the fiber to be filled near instantaneously, making it useful for real time sensing applications [25] - [31] . So far, EC-MOFs have been applied mainly in evanescent-wave sensing [27] - [29] , in the construction of a fiber Bragg grating refractometer [25] , and in the SPR sensing with the metal coating using both numerical [30] and experimental methods [31] . Plasmon modes supported by metal wire have been reported [32] - [36] . In such design, plasmon modes can form on the metal wire, and the SPR can be excited at certain wavelengths [32] , [33] . In this paper, we propose an EC-MOF-based SPR sensor by placing a silver wire on the exposed section. The exposed section with the silver wire as a microfluidic channel for the analyte can solve above problems about the metal coating and analyte filling. We investigate the random location of the silver wire on the SPR sensing performance, and identify the sensor sensitivity on wavelength and amplitude of the transmitted light for the analyte RI range from 1.33 to 1.34. The purpose of this paper is to illustrate that the metal coating and analyte filling issues can be simultaneously solved by using the EC-MOF placed with a silver wire and to provide reference and help for the design and fabrication of the EC-MOF based SPR sensor. 
Design And Analysis
The schematic of the proposed EC-MOF-based SPR sensor is shown in Fig. 1(b) . Two ends of the EC-MOF are spliced to standard single-mode fibers (SMF). Then, the analyte and the silver wire are deposited on the exposed section of the EC-MOF. To describe the location of the silver wire, we assume that the silver wire is placed on the surface of the exposed section and randomly rotated degrees around the center of curvature of the exposed surface. When the resonance condition between a core mode and a plasmon mode of the light propagating in the fiber is satisfied at specific wavelength, the energy of the core mode will transfer to a highly lossy plasmon mode. Thus, an obvious peak in the loss spectrum of the core mode will be observed at this wavelength region. The electromagnetic mode of the sensor fiber is solved by finite element method (FEM) [12] - [18] . For the FEM modeling, we fix the diameters of the silver wire, the fiber core and holes to 0.4 (d ), 12.5 and 50 m, respectively, and the thickness of the core struts to c ¼ 3:5 m, which are basically consistent to the practical sizes of the fiber [24] , [25] .
We neglect the material dispersion of the fiber and assume its RI is 1.45 (fused silica). The RI of the silver is given by the Drude model [37] and the RI of the analyte ðn a Þ is altered from 1. 33 to 1.34 to assess the sensitivity of the sensor at n a ¼ 1:33 (aqueous solution) [12] , [13] , [17] , [23] . We use the perfectly matched layer (PML) to matching the outmost layer and the triangular normal mesh to discretize the computation area.
Firstly, we consider the case where the silver wire is on the bottom of the exposed section [ ¼ 0 degree in Fig. 1(b) ]. Because of the asymmetric structure of the sensor, the x -polarized and the y -polarized core modes exhibit different loss spectra.
Figs. 2 (left) and 3 (left) show the calculated loss spectra of the x -polarized and the ypolarized core modes, respectively, for the two values of the n a ¼ 1:33 and 1.34. Here, the Gaussian-like modes are used as the core modes [12] - [18] , [23] , and it is best suited for the excitation by standard Gaussian laser sources. For reference, losses in decibels per meter are defined as [18] loss ¼ 8:
Here, k 0 ¼ 2= is the wavenumber with being in meters, and Im½n eff is the imaginary part of the effective RI of the core modes. Take the x -polarized loss curve with n a ¼ 1:33 in Fig. 2 (left) for example; the resonance peak located at 684 nm is defined by a significant increase in the core mode losses which due to their energy coupling to the lossy plasmon mode. The electric field distributions of the core modes in Fig. 2 (right) clearly show the coupling mechanism of the two modes. At non-resonance wavelengths, the energy is mainly confined in the core area [see Fig. 2(a) ]. At resonance wavelengths, the core modes and the plasmon modes become mixed [see Fig. 2 (c)], and a portion of energy transfers to the plasmon modes from the core modes. And therefore, the significant increase in the core mode loss is observed at this wavelength region. For comparison, in blue line we present the loss spectrum of the core mode with n a ¼ 1:33 for the case when no silver wire is presented.
Results and Discussion
When the n a varies, the resonance condition changes accordingly, thus leading to different loss spectra of the core modes as seen from Figs. 2 (left) and 3 (left). In addition, the n a variation can be identified by measuring the resonance wavelength shift (wavelength interrogation) or transmitted power change at the certain wavelength (amplitude interrogation) of the core modes [12] - [17] , [23] . It is important to note that unlike the metal coated structure that supports a stronger y -polarized resonance peak [30] , the proposed structure can support a stronger x -polarized peak. This difference is attributed to the different shapes of the metal surface. In the metal coated structure, the almost planar metal surface supports a stronger y -polarized plasmon mode (the electric field predominantly orthogonal to the metal surface), and thus, the y -polarized core mode couple more readily to the plasmon mode, leading to a stronger y -polarized resonance peak [30] . In the proposed structure, the cylindrical metal can support a stronger x -polarized plasmon mode on its surface [see Fig. 2(c) ], and therefore more energy of the x -polarized core mode couples to the plasmon mode, and resulting in a stronger x -polarized resonance peak [see Fig. 2 (left) ]. The different resonance peaks of the two polarized core modes will lead to different sensing performances in the wavelength or amplitude interrogation methods.
Wavelength Sensitivities
In the wavelength interrogation method, the n a variations are detected by measuring the shift of the resonance peak Á peaks . In this case, the wavelength sensitivity in term of refractive index units (RIU) is defined as [17] 
As shown in Figs. 2 (left) and 3 (left), the Á peaks of the x -polarized and y -polarized core modes are 27 nm and 30 nm for the n a changing from 1.33 to 1.34 ðÁn a ¼ 0:01Þ, and the corresponding wavelength sensitivities are 2700 nm/RIU and 3000 nm/RIU, respectively. This value is similar with that of the metal coated structure [30] . Note that the x -polarized peak has a higher loss than the y -polarized peak, and therefore displaying a narrower spectral width, which indicates a much higher resolution for the x -polarized mode in the wavelength interrogation method.
Amplitude Sensitivities
In the amplitude interrogation method, the na variations are detected by measuring the change of the transmitted power at a single wavelength [12] , [13] , [17] , [23] . A reasonable choice of the sensor length is L ¼ 1= 1:33 , with 1:33 denoting the mode loss for the case n a ¼ 1:33 [12] , [13] , [17] , [23] . In this case, the amplitude sensitivity parameter S is defined as [17] S ¼
In this method, the sensor length should be considered as the silver wire length, because the sensor loss is almost 0 dB/m when the silver wire is not presented as shown in Figs. 2 (left) and 3 (left). Fig. 4 shows the S of the x -polarized and y -polarized core modes for the n a range from 1.33 to 1.34. The maximum S of the x -polarized and y -polarized core modes of the sensor are 247 RIU -1 at 724 nm and 231 RIU -1 at 736 nm, respectively. As shown in Figs. 2 (left) and 3 (left), the loss of the x -polarized mode is much higher than that of the y -polarized mode, which mean a shorter silver wire length ð1= 1:33 Þ is needed for the x -polarized mode in the amplitude interrogation method.
Influences Of Silver Wire Locations
In consideration of the actual operation, it is tough to guarantee the exact location of the silver wire. Mostly, the location of the silver wire is randomly and uncertainty. To investigate the influence of the random location of the silver wire on the sensing performance, we consider the sensor structure with different locations [different s in Fig. 1(b) ] of the silver wire near the bottom of the exposed section. Fig. 5(a) and (b) exemplarily depict the loss spectra of the x -polarized and y -polarized core modes with n a ¼ 1:33 at ¼ 0, 5, and 10 degrees, respectively. The resonance wavelength does not change, but the peak loss decreases as the increasing. This phenomenon can be explained by the fact that the increasing increases the distance between the fiber core and the silver wire [see Fig. 1(b) ], thus reducing the coupling intensity between the core mode and the plasmon mode, and leading to a decreasing peak loss. Fig. 6 shows the resonance wavelength and peak loss of the two polarized core modes with n a ¼ 1:33 and 1.34 at different s. For the wavelength sensitivity, as shown in Fig. 6 , the resonance peaks with n a ¼ 1:34 are also unchanged at different s; thus, according to (2), the wavelength sensitivity will not be affected by the changing, as shown in Table 1 . However, as the increasing, the decreasing peak loss will increase the peak spectral widths [see Fig. 5 ], thus reducing the resolution of the sensor, and with further increase of the , the resonance peak will become weak and then disappear (see Fig. 6 ). In addition, these will make the detection more difficult. For the amplitude sensitivity, because the decreasing trend of the peak loss 
TABLE 1
The wavelength sensitivity, the maximum amplitude sensitivity S and the needed silver wire length for maximum S of the two polarized core modes at different s is consistent at n a ¼ 1:34 (see Fig. 6 ), according to (3), the maximum S is little changed when the changes [see Table 1 ]. These results indicate that the sensitivity of the sensor is relatively stable for random locations of the silver wire. However, note that the amplitude sensitivity parameter S [see (3) ] is valid for a silver wire length L ¼ 1= 1:33 [12] , [13] , [17] , [23] , and the 1:33 decreases as the increasing (see Figs. 5 and 6 ). Therefore, to acquire the maximum S, the needed lengths of the silver wire should be different accordingly as shown in Table 1 . At small ðG 15-Þ, for example, only several millimeters or less of the silver wire length are needed to achieve the maximum S, but for the large ð> 20-Þ, the needed silver wire lengths are several meters or more which is not advantageous to the actual operation. This should be attracted special attention in the amplitude interrogation method.
Conclusion
We present a SPR sensor based on the EC-MOF. The exposed section of the fiber is placed with a silver wire and then covered with the analyte. Because of the asymmetry caused by the silver wire, the sensor supports two separate resonance peaks which are x -polarized and y -polarized peaks, respectively. Although the two polarized peaks show similar sensitivity, the x -polarized peak exhibits a narrower spectral width in the wavelength sensitivity and needs a shorter length of the silver wire in the amplitude sensitivity due to the stronger coupling intensity. As the needed length of the silver wire for the maximum amplitude sensitivity is inversely proportional to the mode loss which is different at different silver wire location, the amplitude sensitivity will be affected if the silver wire location changes during the measurement period. Nevertheless, the wavelength sensitivity is relatively stable even with different silver wire locations or lengths. The presented design has the following advantages. First, the silver wire is directly placed on the exposed section of the fiber can avoid the metal coating problem in the previous designs [12] - [18] , [21] - [23] , [30] , [31] . Second, the analyte that is deposited onto the exposed section can avert the analyte filling issue in the other MOF sensors [12] - [18] . Finally, the sensitivity of the sensor is relatively stable, even when the silver wire varies randomly in different positions in a certain scope.
